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AN EXPERIMENTAL INVESTIGATION OF VORTFX GENERATION IN A TURBULENT BOUNDARY LAYER 
UNDERGOING ADVERSE PRESSURE GRADIENT* 
by 
Victor  Zakkayt and Wladimiro Calarese tt 
SUMMARY AND INTRODUCTION 
Previous boundary layer measurements along a concave wall  have revealed 
a spanwise  va r i a t ion  in  ve loc i ty .  The v a r i a t i o n  h a s  b e e n  a t t r i b u t e d  t o  a 
sys t em o f  vo r t i ce s  wi th  ax i s  i n  the  streamise d i r e c t i o n  . These i n i t i a l  ob- 1 
se rva t ions  were made i n  a low speed turbulent boundary layer.  A t  compressible 
speeds,  evidence of these vortices has been observed in quasi  two-dimensional 
flows i n  r e g i o n s  o f  s e p a r a t e d  f l o w  r e a t t a ~ h m e n t ~ ’ ~ .  However, w e l l  documented 
work a long  gradual  adverse  pressure  grad ien t  bodies  d id  not  revea l  such  var i -  
t i o n s  4,5 . 
Recent  analysis  of  f lows with adverse p r e s s u r e  g rad ien t6  ind ica t e s  t ha t  
some of the discrepancy between the analysis and some of the experimental 
i s  i n  p a r t  due to  possible  three-dimensional  effects  (such as the formation 
of Gor ther  vor t ices  due  to  a concave curvature) .  
* The work r epor t ed  he re in  w a s  supported  by  the  National  Aeronautics & Space  
Administration under Grant NGR-33-016-184 
t Professor  of Aeronautics  and  Astronautics,  New York Univers i ty  
tt Ass i s t an t   Resea rch   Sc ien t i s t ,  New York Univers i ty  
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The p resen t  i nves t iga t ion  was u n d e r t a k e n  i n  o r d e r  t o  d e t e r m i n e  t h e  e x i s t -  
ence  o f  such  vo r t i ce s  u t i l i z ing  the  same apparatus  used in  Ref .  7 .  The free 
stream Mach number was Mco = 5.75, the wall t o  s t agna t ion  t empera tu re  r a t io  was 
= 0.63 and the Reynolds number based on free stream condi t ions  was Tw/Ttm 
Re = 3.9. x 10 / f t .  The-model consisted of an a x i s m e t r i c  compression f l a r e  
preceded  by a c y l i n d r i c a l  a x i a l l y  symmetric body. A n a t u r a l  t u r b u l e n t  
boundary  layer was es t ab l i shed  we l l  ahead of the  compression  region. Boundary 
l a y e r  p r o f i l e s  of s t a t i c  p res su re ,  p i to t  p re s su re ,  and s tagnat ion temperature  
were  taken a t  a s u r f a c e  s t a t i o n  w i t h  a l oca l  i nc l ina t ion  o f  20  . P r o f i l e  
measurements were obtained a t  va r ious  pe r iphe ra l  s t a t ions .  The measurements 
r evea led  ze ro  pe r iphe ra l  va r i a t ions  a t  the  su r face  o f  t he  body and a t  t h e  edge 
of  the  boundary  layer. However, d i s t i n c t  wavy p res su re  va r i a t ions  were ob- 
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Streamwise distance from the leading edge of the model to 
beg inn ing  o f  f l a r e  
Streamwise distance measured from beginning of f la re  
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S t a t i c  condi t ions 
Stagnat ion condi t ions 
Behind normal shock 
Free stream condi t ions 
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I. EXPERDENTAL APPARATLJS 
The tests were performed i n   t h e  New York Un ive r s i ty  Mach 6 high Reynolds 
number f a c i l i t y .  The f a c i l i t y  c o n s i s t s  o f  a 2200 p s i a  a i r  supply;  a capac i ty  
hea te r  capab le  o f  de l ive r ing  900°R a i r  wi th  a mass f lux  of  up  to  60 lb s / sec ,  
and capable  of  supplying nominal ly  constant  s tagnat ion temperature  f lows for  
up  to  40 sec. of  running time. The test s e c t i o n  is  1 f t .  in   diameter   and 
cons is t s  of  a uniform  flow 9 in .  i n  d i ame te r  and 3 f t .  i n  l e n g t h  ( F i g .  1). 
The f r e e  stream Mach number was approximately 5.75. For a l l  tests, t h e  
s tagnat ion temperature  was about 860 R ,  and the  s t agna t ion  p res su res  va r i ed  
between  1860  and  1900 p s i a .  The Reynolds number was of the order  of  3 .9  x 10 / f t .  
The model consisted of an axisyrmnetric compression surface,  described by a 
fourth order  polynomial ,  blended into a 42 c o n i c a l  s u r f a c e  6 i n .  i n  l e n g t h ,  
wi th  a base diameter  of 7.96 in .  The compression  model is a t t ached  to  a fo re -  
body cons i s t ing  o f  an  open sharp edge r ight-circular  cyl inder  29.2 in .  long 
and  4.62  in.   in  diameter  (Figs.   2-3).  The coord ina te s  o f  t he  f l a r e  a re  g iven  
in  Table  1. The model is p laced  coaxia l ly  wi th in  the  tunnel  cen ter l ine  (F ig .  4 ) .  
The tests were performed a t  a s u r f a c e  s t a t i o n  w i t h  20 l o c a l  i n c l i n a t i o n ,  q = 20°, 
and  repeated  every 5 i n  t h e  p e r i p h e r a l  d i r e c t i o n  from y = 0 t o  ep = 40 . The 
compression f l a r e  was equipped with 30 pressure or i f ices .  To obtain measurements 
of  s t a t i c  and pitot  pressures,  and stagnation temperatures throughout the bound- 
a ry  layer ,  s ing le  probes  were used  (Fig. 5) .  Special  c a r e  was t aken  in  p l ac ing  
the probes a t  exac t ly  q = 20°, when going from one p e r i p h e r a l  s t a t i o n  t o  t h e  
nex t ,  and  wi th  the  r igh t  i nc l ina t ion  in  o rde r  t o  t r ave r se  the  boundary  l aye r  
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periment  had a f l a t  t i p  f a i r e d  i n t o  a 0.040 in .  hypodermic  needle. Lateral 
o r i f i c e s  l o c a t e d  10 t o  15 probe diameters downstream were d r i l l e d  i n  o r d e r  t o  
decrease their s e n s i t i v i t y  t o  yaw angles .  The p i to t  p ressure  probes  cons is ted  
of a hypodermic needle of 0.04 in .  d iameter  f la t tened  a t  the  t i p  wi th  a th ick-  
ness of 0.006 i n .  and an opening of 0.002 i n .  An unshielded, open-tip chromel- 
alumel thermocouple w a s  used to  measure the s tagnat ion temperature  throughout  
the boundary layer. 
11. DISCUSSION OF MEASUREMENTS 
The pressure and total  temperature  measurements  are  presented in  Tables  
2-11 i n  t a b u l a t e d  form. For all tests a turbulent boundary layer was obtained 
and no separation was observed on the compression f lare .  A l l  the measurements 
were taken a t  one loca t ion ,  i .e.  11 = 20°, and were r e p e a t e d  i n  t h e  p e r i p h e r a l  
d i r e c t i o n ,  from y = 0 t o p  = 40 . The s t a t i c  and p i t o t  p r e s s u r e  p r o f i l e s  a r e  
shown in(Fig.   6-14) .  The w a l l  p ressure  i s  t h a t  o b t a i n e d  from the   p ressure  
taps   located on the  sur face  of  the  compress ion  f la re .  The s t a t i c  pressure  
dec reases  in  the  y d i rec t ion  due  to  the  normal  pressure  grad ien t ;  the  p i to t  
pressure experiences severe l o s s e s  i n  t h e  low density region of the boundary 
layer  near  the wall. I n  t h i s  r e g i o n ,  a t  y = 0.02 i n . ,  t h e  p i t o t  p r e s s u r e  h a s  
a higher  value  than  expected. This is due to  p robe  in t e r f e rence ,  a s  r epor t ed  
by Hoydysh and  Zakkay . The normal shock ahead of the probe interacts with 
the boundary layer  causing local  separat ion.  
0 0 
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Both s ta t ic  a n d  p i t o t  p r e s s u r e  a r e  p l o t t e d  as func t ions  of  the  per iphera l  
angle  cy in  (Figs .  15-16) .  A t  t h e  wall the  va lues  are cons t an t  bu t ,  t r ave r s ing  
away from the  w a l l ,  they have a wavy p a t t e r n  i n  t h e  p e r i p h e r a l  d i r e c t i o n  w i t h  
an  ampl i t ide  of  about  four  times the  boundary  layer  thickness.   This  behavior 
i s  present  up to  the edge of  the boundary layer ,  approximately 0.20 i n .  i n  
thickness  and  vanishes  outside  the  boundary  layer.  A t  0.35 i n .  away from the  
wall i n  t h e  normal  d i rec t ion ,  the  pressure  goes  back  to  cons tan t  va lues  in  
the  pe r iphe ra l  d i r ec t ion .  
The to t a l   t empera tu re   p ro f i l e s  are shown i n  (Fig.  17) .  The t o t a l  tem- 
pe ra tu re  r ecove r s  ve ry  qu ick ly  in  the  no rma l  d i r ec t ion  and  a t t a ins  95% of i ts  
f r e e  s t r e a m  v a l u e  i n  less than 0.03 i n . ;  i ts  p e r i p h e r a l  d i s t r i b u t i o n  is  
5 
almost cons tan t  a t  any dis tance from the wall (Fig. 18). 
The Mach number and v e l o c i t y  p r o f i l e s  are p lo t ted  respec t ive ly  in  (F ig .  19  
and  Fig. 20).  The v e l o c i t y  p r o f i l e s  are t h e  t y p i c a l  t u r b u l e n t  p r o f i l e s  
.bent  in  the  cent ra l  reg ion  of  the  boundary  layer  because  of  the  presence  of  a n  
adve r se  p re s su re  g rad ien t ;  t he  pe r iphe ra l  d i s t r ibu t ion  shows a s l i g h t  p e r t u r b a -  
t ion which vanishes a t  the edge of the boundary (Fig. 21). The Mach number 
d i s t r i b u t i o n  shows t h e  same pe r iphe ra l  pe r tu rba t ion  as t he  p re s su re  d i s t r ibu -  
t ion up to the edge of the boundary layer.  
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CONCLUSIONS 
An exper imenta l  inves t iga t ion  has been  under taken  to  ascer ta in  the  
possible  presence of v o r t i c e s  i n  a hypersonic turbulent boundary layer over 
an axisymmetric conf igu ra t ion  in  p re sence  o f  adve r se  p re s su re  g rad ien t .  Ex- 
perimental  data  obtained a t  o n e  l o n g i t u d i n a l  s t a t i o n  i n  t h e  p e r i p h e r a l  d i r e c -  
t ion has  been tabulated and plot ted.  
The da ta  shows l a r g e  p r e s s u r e  d i f f e r e n t i a l  i n  t h e  boundary  layer away 
from the  wall t h a t  i m p l i e s  the  inc ip ien t  format ion  of a swirling flow. This 
peripheral  var ia t ion vanishes  outs ide the boundary layer  where the 
axisymnetr ic  f low propert ies  are restored. Nothing can be said as t o  t h e  
s t a r t i ng  r eg ion  o f  t he  swi r l ing  f low and the further developments beyond the  
location where the measurements were taken  s ince  no measurements were per-  
formed i n  t h a t  r e g i o n .  
I t  is  f e l t  t h a t  a d d i t i o n a l  measurements a r e  n e c e s s a r y  t o  e s t a b l i s h  t h e  
behavior of  the  f low over  the  compress ion  f la re  and  to  de te rmine  the  in i t ia l  
genera t ion  of  the  vor t ices .  
S i n c e  t h i s  work has  been probing in  nature ,  i t  would be  o f  s ign i f i can t  
i n t e re s t  i n  e s t ab l i sh ing  the  r eg ion  where  the  vo r t i ce s  are generated, and 
their   developent   a long  the  compression  surface.   Other   techniques  for   probing 
the  f luc tua t ion  in t ens i ty  such  a s  wi th  a laser dopplemeter,  or other measuring 
techniques may b e  n e c e s s a r y  i n  o r d e r  t o  e s t a b l i s h  t h e  wave pat tern of  the 
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"""""""""""""-"""""""""""""""""" " -
x (in. 1 R (in. TI (de% S (in. ) 
0.0 2.310 0.0 0.0 
0.4  2.319 2.0 0.400 
0.8  2.339 3.5  0.800 
I. 2 2.367 4.9  1.201 
1.6 2.410 6.5 1.603 
2.0 2.465 8.5  2.006 
2.4  2.527 10.0 2.411 
2.8  2.600 11.0 2.818 
3.2  2.686 12.0  3.228 
3.6  2.782 14.2  3.642 
4.0  2.890 16.7  4.061 
4.4 3.021 21.4  4.486 
4.8  3.195 25.0  4.919 
5.2  3.394 28.2  5.365 
5.6  3.634 34. 6 5.834 
6.0  3.930 42.0  6.355 
"""""""" ......................................................... 
Table 1. Body Coordinates of Flare.  
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T a b l e .  2. S u r f a c e   P r e s s u r e   D i s t r i b u t i o n  . 
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T a b l e  3. T a b u l a t e d   D a t a   f q r   P r e s s u r e  and  Temperature .  
12 
+ = 5  
0 
pTa3 * l8'' psis (FOR STATIC PRESSURE,) 
'Ip 20° i PT,. 1850 p s i a  (FOR PITOT PR ESSUAE); Tsos.8600R 
T a b l e  4. T a b u l a t e d   b a t a   f o r   P r e s s u r e  and  Temperature.  
Table  5. Tabula ted   .Data   for   Pressure   and   Tempera ture ;  
# = 15' 
pToo lS6Opsia ( F O R  STATIC PRESSURE)  
v a  20' ; PTmm 1900 psia (FOR PITOT PRESSURE); T ' ~ m . 8 6 8 ' ~  
.20 8.0 185 8 15  1797 .44 
.2 I 7.5   180  8 13  1795 .45 
-22 7.0 174 8 12  17  95 ,4G 
.23- . 6.5  17 0 , 812 . 1790 b 4 7  
T a b l e  6. Tabulated.   Uata  for P r e s s u r e  and  Temperature.  
* A 
Tab le  7. Tabula ted   Data  f o r  Pressure   and   Tempera ture .  
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Table  8. Tabula ted   Data  f o t  Pressure  and  Temperature .  
* 30° 
pToo 1900psia (FOR STATIC PRESSURE) 
’I” 2oo i PI,. 1880 p s i a  (FOR P I T O T  PRESSURE); TTmm 8600R 
Table  9. Tabulated  Data  €or’ P r e s s u r e  and Temperature .  
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t# = 35O 
pToom 1900 psis (FOR STATIC  PRESSURE,)  
7” 20’ i PTwm 1870 (FOR P I T O T  P R E S S U R E ) ;  T7-= 860O~ 
Table  10. Tabula ted‘   Data’  f6r  P r e s s u r e  and Temperature .  




F i g .  1 Schematic of Mach 6 high  Reynolds number f a c i l i t y  
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F i g .  9 S t a t i c  and p i t o t   p r e s s u r e   p r o f i l e s  
i i i i i 1 
0 20 40 60 80 100 i20 i40 i60 
P T ~  ‘Pr ,  x lo3 
F i g .  10 S t a t i c   a n d   p i t o t   p r e s s u r e   p r o f i l e s  
0 20 40 60 00 100 120  140 180 






. I  
0 
0 I 2 3 4 5 6 f 8 
p S   P T a  x IO3 
I I I 1 1 1 1 1 
0 20 40 60 80 100 120 140 160 
F i g .  12 S t a t i c   a n d   p i t o t   p r e s s u r e   p r o f i l e s  
0 20 40 60 80 I00 120 I40 1 6 0  
F i g .  13 S t a t i c  and p i t o t   p r e s s u r e  p ro f i l e s  
w w 
0 I 2 3 4 5 6 7 0 
0 20 40 60 80 IO0 120 140 160 
F i g .  14 S t a t i c  and p i t o t   p r e s s u r e   p r o f i l e s  
0 5 15 20 25 30 35 40 
( DEGREES) 





0 5 IO 15 20 25 30 35 40 
4 (DEGREE) 
F i g .  16 P e r i p h e r a l   p i t o t   p r e s s u r e   d i s t r i b u t i o n  
F i g .  17 S t a g n a t i o n   t e m p e r a t u r e   p r o f i l e s  





" . "  
I 








-0 5 IO 15 20 25 30 35 40 
9 (DEGREES) 
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Fig, 19 Mach number p r o f i l e s  
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